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Abstract.—A major factor that contributes to loss of
genetic variation in natural populations is a small effective population size. In species with a complex life
history that involves overlapping generations and delayed maturity, the impact of infrequent annual reproductive bottlenecks is likely to be small because effective population size is defined by the number of individuals contributing to a generation and not to a single
year-class. The striped bass Morone saxatilis is a longlived species with overlapping generations and age
structure, whose recreational and commercial importance has made it a target of intense harvest. We analyzed
allele frequency fluctuation among juvenile year-classes
of the Santee–Cooper, South Carolina, population from
1990 through 1994 with three independently segregating
polymorphic nuclear DNA loci to examine genetic drift
and estimate the number of breeders each year. Significant fluctuations in allele frequencies among juvenile
year-classes were observed, and most of the variation
was attributed to a small number of parents in 1992. The
potential impact of this year-class is likely to be low
because 1992 was a poor recruitment year, and striped
bass have multiple opportunities to breed. However, high
adult mortality due to fishing may increase the impact
of the 1992 year-class by decreasing the number of adult
age-classes in this population. Thus, high exploitation
in species with overlapping generations can reduce the
long-term effective population size by abrogating the
possibility of multiple breeding opportunities.

Loss of genetic variation can effectively reduce
the long-term prospects of survival of a natural
population and ultimately a species. A major cause
of loss of genetic diversity is a small effective
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population size, particularly if sustained over several generations (Wright 1938; Nei et al. 1975). A
population with a low effective population size for
several generations experiences an increase in homozygosity that can result in further reductions of
effective population size when deleterious recessive alleles are expressed in homozygous individuals (Charlesworth and Charlesworth 1987; Hedrick and Miller 1992; Caughley 1994). Thus, a
major goal of conservation genetics is to promote
the preservation of genetic diversity in managed
populations by maintaining high effective population sizes.
The striped bass Morone saxatilis is an anadromous species with overlapping generations, a
long life span (up to 20 years), and delayed maturity (Rago and Goodyear 1987; Winemiller and
Rose 1992). Its natural range includes the Gulf
Coast of the United States and Atlantic estuaries
and inshore coastal sites from the St. Johns River
in Florida to the Canadian maritime provinces (Raney 1952). The striped bass is exploited commercially in the northeastern United States and is a
popular sport fish throughout its range. Thus, it is
important to study the factors that affect genetic
diversity in this species.
Natural recruitment of juveniles has been shown
to fluctuate considerably and can result in several
consecutive years of poor recruitment (Ulanowicz
and Polgar 1980). However, sporadic bursts of
high recruitment can restore historic abundance
levels in striped bass populations (Richards and
Rago 1999). Bulak et al. (1997) showed that natural recruitment is highly variable in the Santee–
Cooper system, South Carolina. It is not clear,
however, whether variability among year-classes
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in the number of breeders reduces effective population in striped bass. This uncertainty is analogous to Chesson’s storage effect (Chesson 1983)
because overlapping generations and multiple
breeding opportunities can reduce the genetic consequences of periods of poor recruitment and low
numbers of contributing parents (Ellner and Hairston 1994).
A primary objective of this study was to generate annual estimates of the effective number of
breeders in the Santee–Cooper population and to
ask whether fluctuation in the number of breeders
has an impact in effective population size (Ne).
Therefore, we analyzed the fluctuation of allele
frequencies at three independently segregating,
polymorphic loci among year-classes of juvenile
striped bass from the Santee–Cooper system. To
examine the impact of adult mortality, we constructed a genetic submodel within an age-structured population projection model that incorporated the life history and annual mortality of
striped bass in the Santee–Cooper system (Bulak
et al. 1995).
Methods and Materials
Sample collection.—Juvenile striped bass (N 5
55–119) were collected during the summers of
1992 through 1994 with a 10.7 3 1.8-m beach
seine with a 4.8-mm mesh. We sampled the historic
nursery ground for Santee–Cooper striped bass at
dusk (White and Lamprecht 1989). To ensure that
samples were representative of the entire yearclass, collections began 50 d after the first recorded
spawning event and continued until 65 d from the
last spawning event. In 1992, when recruitment
was low, sampling was carried out twice weekly,
with three 45-min sampling periods spaced by 15min resting periods. In 1993 and 1994, when recruitment was high, sampling was carried out once
per week. The daily collection limit was 100 fish.
Juvenile samples from 1990 and 1991 were obtained from collections by the South Carolina Department of Natural Resources that used a similar
sampling protocol. To prevent oversampling of
early spawners, fish larger than 60 mm were excluded from the analysis.
Whole fish were placed in jars filled with 95%
ethanol and stored at room temperature. Because
hatchery fish were stocked in the vicinity of the
collection site in all years except 1994, the otoliths
were examined for an oxytetracycline mark that
identified juveniles of hatchery origin (Bulak
1994), and fish showing the mark were excluded
from further analyses. Genomic DNA was isolated

from whole fish (excluding the digestive tract) by
a proteinase-K digestion followed by phenol-chloroform extractions as described by Harrell et al.
(1993).
Assays.—Three independently segregating variable nuclear DNA markers that are inherited in a
Mendelian fashion were analyzed by polymerase
chain reaction amplification–restriction fragment
length polymorphisms (i.e., restriction digests of
amplified loci; Leclerc et al. 1996). These markers
are single-copy regions of the striped bass nuclear
genome that are polymorphic at one or more restriction enzyme recognition sites: SB14 contains
a variable Afl II site, SB8-2 is variable at one of
two Mnl I sites, and SB83 is polymorphic at the
recognition sites for Rsa I and Pst I, resulting in
a three allele system. The significance of fluctuations in allele frequencies was determined using
the G-statistic test (Sokal and Rohlf 1981).
Estimate of the effective population size.—Allele
frequency variance (F) among young of the year
was used to generate annual estimates of the effective population size (Ne) using the methods of
Waples (1989), Pollak (1983), and Jorde and Ryman (1995). The scaled allele frequency shift from
time t to t 1 1 is (Pollak 1983)
F5
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where a is the number of alleles at the locus and
Xi,t is the frequency of the ith allele in the sample
from cohort t. The scaled allele frequency change
adjusted to sample sizes is
F9 5 F 2

1
1
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where nt is the number of individuals sampled at
time t.
A weighted average F9 was calculated using the
data from three loci (Waples 1989):
F̄ 9 5

O (K 2 1)F9 ,
O (K 2 1)
j

j

j

where Kj is the number of alleles at locus j.
Effective population size (Ne) was estimated as
(Jorde and Ryman 1995):
Ne 5

C
,
2GF¯ 9

where C is a correction factor for overlapping generations (7.81 for this population of striped bass
based on the correction factor of Jorde and Ryman
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1995) and G is the generation time (5.25 for this
population; Bulak et al. 1995).
The 95% confidence limits on F9 were calculated
as in Waples (1989), using the chi-square distribution:
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where n is the number of independent alleles (four
in this case).
Estimate of the effective number of parents contributing to a year-class (Nb).—If one considers
the young of the year to be a genetic sample of
their parents, then one can use the allele frequency
difference between the young and the adults in a
population to estimate Nb. We calculated the
weighted allele frequency difference and determined Nb as
Nb 5

1
.
2F¯ 9

Simulation model.—To examine the impact of
adult mortality on the distribution of age-classes
and on the rate of loss of genetic variation, a onelocus, five-allele genetic model was incorporated
within an age-structured population projection
model for the Santee–Cooper striped bass population (Bulak et al. 1995). For simplicity, selection,
gene flow, and mutation were ignored. Fecundities
of all adult age-classes were taken from Bulak et
al. (1995). Yearly adult survivorship was 0.85 in
populations not exposed to harvest and was 0.40
when harvest was allowed (Bulak et al. 1995). To
determine the influence of effective population
size on the loss of genetic variation, each year, a
small number of parents was selected at random
and allowed to mate; separate simulations were run
with 5, 10, 20, 50, and 100 mating pairs in each
year. No other adults were allowed to mate. Monogamy and equal sex ratio were assumed to simplify the calculations. Recruitment to age-1 was
obtained by randomly removing individual larvae
until the numbers equaled 150,000 (the minimum
number of age-1 recruits estimated for the Santee–
Cooper lakes; Bulak et al. 1995). Thus, the model
represents a constant low recruitment scenario,
with low effective population size. The number of
individuals in each subsequent age-class was determined by standard population projection methods (Caswell 1989; Bulak et al. 1995).
The numbers and genotypes of all individual
offspring were determined from the genotypes of
each mating pair of parents and the female’s age-

specific fecundity. All age-classes were subdivided
into categories representing the number of individuals of each genotype. In each time step, we
used a random number generator to decide on an
individual-by-individual basis who survived and
who died, using the age-specific mortality rate to
determine the individual probability of death. We
assumed no difference in mortality rate or fecundity among genotypes. The initial population at
time zero had equal proportions of all five alleles,
distributed among genotypes in Hardy–Weinberg
ratios. The simulations ran until one allele was
lost, and the number of years elapsed was recorded. Fifty replicate simulations were performed for
each condition.
The rate of loss of alleles was calculated assuming the process to be exponential (Wright 1938).
Wright’s model assumes that the drift of allele frequency A from A0 to At over t years is r: At 5
A0e2rt. Taking natural logarithms of both sides of
this equation,

1 2

1
A
r 5 2 log e t .
t
A0
We determined the rate r from our simulations by
determining the length of time in years to lose one
out of five alleles, which makes At 5 4 and A0 5
5. In Wright’s theory, if time, t, is measured in
generations, the rate, r, is 1/2Ne.
Results and Discussion
Fluctuation of Allele Frequencies among YearClasses from the Natural Reproduction
Significant (P , 0.05) fluctuation of allele frequencies among juvenile year-classes was observed at the SB83 and SB14 loci (Table 1). Most
of the difference originated from the comparisons
of the 1992 year-classes with all others, suggesting
that a reproductive bottleneck occurred that year.
Removal of the 1992 year-class from the SB83
analysis increased the probability of homogeneity
above the significance level (from P 5 0.0182 to
P 5 0.1412 without 1992). In contrast, the fluctuation remained significant when any of the other
years were removed from the analysis. This result
indicates that the allele frequencies at this locus
were relatively homogeneous in years 1990, 1991,
1993, and 1994 but were distinct from those of
1992. In the case of the SB14 locus, removal of
either the 1992 or the 1990 year-classes resulted
in increases of the probability of homogeneity
above significance levels (without 1992; P 5
0.1914; without 1990, P 5 0.2088). The overall
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TABLE 1.—Allele frequencies for individual year-classes. Ho/He is the observed heterozygosity divided by the heterozygosity expected from the observed allele frequencies.
SB83a

SB14b

SB8-2c

Year

N

A1

A2

A3

HoHe

N

B1

B2

Ho/He

N

C1

C2

HoHe

1990
1991
1992
1993
1994

72
68
55
88
86

0.59
0.63
0.44
0.51
0.63

0.14
0.12
0.16
0.13
0.14

0.27
0.25
0.40
0.36
0.23

0.55/0.56
0.46/0.53
0.67/0.62
0.61/0.59
0.52/0.54

69
67
49
119
107

0.56
0.48
0.37
0.48
0.44

0.44
0.52
0.63
0.52
0.56

0.48/0.49
0.55/0.50
0.33/0.47
0.48/0.49
0.41/0.49

61
49
35
93
47

0.30
0.38
0.51
0.31
0.35

0.70
0.62
0.49
0.69
0.65

0.38/0.42
0.39/0.47
0.51/0.50
0.53/0.43
0.45/0.46

Overall G 5 18.41, P 5 0.018.
Overall G 5 9.53, P 5 0.049.
c Overall G 5 9.43, P 5 0.052.
a
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probability of homogeneity among years for the
comparison at the SB8-2 locus was P 5 0.052 (Table 1), and again, the 1992 year-class was responsible for most of the variation. Thus, data from all
three loci indicate that most of the variation in
allele frequencies occurred in the 1992 year-class
sample. The genotypes for all three loci in all yearclasses were in Hardy–Weinberg equilibrium (chisquare, P . 0.05).
The effective population size Ne was estimated
to be approximately 20 in three of the five comparisons of consecutive year-classes (Table 2). In
the other comparisons, the Ne estimates of 79 and
268 were approximately 4-fold and 10-fold higher,
respectively, than the other three estimates. All
five Ne estimates are substantially lower than the
population size. Based on the equations, assumptions, and rates given in Bulak et al. (1995), we
calculated that it would take 27,727 female striped
bass to produce 18.9 billion eggs, the average number spawned over a 3-year period, as reported by
Bulak et al. (1993). Assuming that 5% of age-3
and 50% of age-4 female striped bass participated
in spawning, an equal sex ratio, and 100% fertility
of age-3 or older males, this number of spawning
females equates to approximately 100,000 sexually mature striped bass of age 3 or greater. Using
TABLE 2.—Estimated per generation effective population size (Ne, adjusted for identity by descent) based on
comparisons of allele frequencies between consecutive
year-classes. Other abbreviations are as follows: CI 5 confidence interval; Fk is the adjusted variance in allele frequency between samples, S is the harmonic mean sample
size.
Period

Fk

S

1990–1991
1991–1992
1992–1993
1993–1994
1994–1995

0.002777
0.046987
0.026976
0.009465
0.037057

65.1
51.5
60.5
80.3
85.2

Ne (95% CI)
268
16
27
79
20

(32–609)
(2–44)
(3–76)
(9–218)
(2–56)

the Ne values from Table 2, the ratio of Ne to the
estimated number of spawning females in the population is between 5 3 10–3 and 3 3 10–4. Thus,
these analyses indicate that only a small fraction
of the population makes a significant contribution
to the next generation.
Low effective population sizes should be reflected in low numbers of parents contributing to
each year-class. Since allele frequency data were
available for adult samples collected on the spawning grounds during the 1992–1994 spawning seasons (Diaz et al. 1998), we were able to estimate
that fewer than 100 parents contributed to the
1992, 1993, and 1994 year-classes (Table 3). Thus,
although direct comparisons cannot be made between Nb and Ne values, both numbers indicate that
only a small fraction of the adult population makes
a genetic contribution to the next generation.
Impact of Adult Mortality on Age Structure and
on Genetic Variation
In species with overlapping generations and
multiple breeding years, the impact of a bottleneck
in a single year, such as the one we observed in
1992, will be minimal because the effective population size is defined by the number of breeders
in a generation rather than in a single year (Hill
1972; Felsenstein 1985). However, the estimated
rate of adult mortality resulting from the combined
effects of fishing and natural causes in the Santee–
TABLE 3.—Annual number of breeders (Nb) estimated
from comparisons of allele frequencies of adults sampled
on the spawning grounds to those of the resulting progeny
sampled in the nursery area; Fk and S are as in Table 2;
CI 5 confidence interval.
Period

Fk

S

Nb (95% CI)

1992
1993
1994

0.01150
0.01347
0.02905

60
117
71

65 (8–179)
55 (7–153)
26 (3–71)

1371

NOTES

TABLE 4.—Mean number of years to lose one allele in
a one-locus, five-allele system in simulated populations.
Number of breeders per yeara
Population

10

20

40

100

200

Harvested
Unharvested

81
204

181
563

338
1,121

939
2,111

1,784
5,064
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FIGURE 1.—Effect of adult mortality on the number
of age-classes in the population. (A) shows age distribution where survival is 0.85, corresponding to the unharvested state. Age-classes for sector are shown with
percentages in parentheses. (B) shows age distribution
where survival is 0.4, corresponding to the current annual harvest. Simulations were carried out for 300 years.

Cooper striped bass population is 60–70% (Bulak
et al. 1995). Such a high adult mortality rate reduces the number of age-classes in the population,
and as a result, reduces the probability that an adult
can contribute to the gene pool. In our age-structured population model, the estimated mortality
rates for the Santee–Cooper population had a profound effect on the age-structure of the population

Males plus females.

(Figure 1). When adult survival was fixed at 40%
(the estimate for this population when subjected
to harvesting), most of the adults in the population
were age 4. In contrast, when the adult survival
was set at 85% (the estimated rate without harvesting), the age-structure of the population was
far more heterogeneous. These results demonstrate
that high adult mortality changes the age structure
of the population by minimizing the number of
age-classes that define a generation.
The high adult mortality of the harvested population in the simulations significantly increased
the rate of loss of alleles regardless of the number
of breeders reproducing annually (Table 4). Similarly, regardless of the number of breeders contributing to each year-class, effective population
sizes were approximately threefold higher in the
unharvested population than in the harvested population (Table 5). As a result, under conditions of
high adult mortality, the genetic impact of a singleyear bottleneck, like the one observed in 1992,
would be to accelerate the loss of alleles because
individuals have a reduced chance of breeding
more than once. Under conditions of high adult
mortality, the inclusion of a variable recruitment
rate among the contributing parents in the genetic
simulation model would exacerbate the loss of alleles during poor recruitment years. However,
there would be little compensation during high recruitment years since high adult mortality tends to
eliminate multiple breeding opportunities. These
TABLE 5.—Mean effective population size per generation (Ne) in simulated populations. Effective population
size Ne was calculated from the rate of loss of alleles r:
Ne 5 1/(2 Gr), where G is the generation time in years
(5.25 for this population). Each value is the mean of 50
replicates. Initial populations had an equal abundance of
each allele and Hardy-Weinberg genotype frequencies.
Number of breeders per year a
Population

10

20

40

100

200

Harvested
Unharvested

35
87

77
240

144
478

400
1243

761
2161

a

Males plus females.
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results demonstrate that in a long-lived species
with overlapping generations and multiple breeding seasons, adult mortality must be considered in
the implementation of a management program designed to minimize loss of genetic diversity.
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